X-linked intellectual disability (XLID), defined as clinical ID combined with a pedigree consistent with X-linked inheritance, is a genetically heterogeneous condition that affects more than 10% of males with ID. Currently there are at least 92 genes known to cause XLID, [1] [2] [3] yet a large proportion of XLID cases remain unexplained, as each of the XLID genes identified so far only accounts for a small fraction ( < 1%) of affected individuals. Given that about one third of mutations affect gene expression levels, 4 we reasoned that transcriptome profiling of lymphoblast cell lines from XLID patients may highlight genes harboring disease-causing mutations and may be an efficient follow-up method for rare sequence variants of unknown functional significance.
We analyzed expression profiles of lymphoblast cell lines from 64 XLID patients, including 13 cases that were part of a recent X-chromosome exon re-sequencing study 5 (Supplementary Methods, Supplementary Table 1 ). We found polyglutamine-binding protein 1 (PQBP1), a gene previously implicated in XLID, 6, 7 to be significantly downregulated in two cases (Supplementary Table 2) , and confirmed an exon 4 (AG)2 deletion as the cause of mRNA downregulation in both instances. PQBP1 mutations cause a sydromic form of XLID commonly referred to as Renpenning syndrome. 8 The specific mutation we describe here has been previously shown to cause XLID, 6 and has also been proven to decrease mRNA levels by nonsense-mediated mRNA decay, 7 thus being likely to be detected by assessment of gene expression. The cases for which we identified PQBP1 mutations were not part of the cohort studied by Tarpey et al. (Supplementary Table 1) . 
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We further asked whether any of the non-recurrent sequence variants identified by the exon re-sequencing study in the 13 overlapping cases was associated with a significant alteration of mRNA levels. We found that CCDC22, which encodes a coiled-coil domain protein of unknown function, was significantly downregulated (Figure 1c , Supplementary  Figure 1 ) in one of our XLID patients. A CCDC22 Figure 1 CCDC22 mutation causes X-linked intellectual disability (XLID) in a large pedigree. (a) The pedigree of the IGOLD #586 family shows six affected males over three generations. The case analyzed by expression profiling in this study (ID11) is the case from the first affected generation. (b) CCDC22 mutation in ID11. Top: schematic representation of the location of the mutation. The c.49A > G/p.T17A mutation is located close to the first 5 0 splice site of CCDC22. Bottom: chromatograms showing the CCDC22 mutation on the minus strand. (c) Expression of the normal CCDC22 mRNA (E1-E4, 515 bp product) was decreased in the patient (P1), whereas expression of the abnormal CCDC22 mRNA-retaining intron 1 (long I1-E3 1646 bp product) was only visible in P1. Actin B (ACTB) quantitative reverse transcriptase was used as reference control. Cells were treated with ( þ ) or without (À) cyclohexamide (CHX). C, control; P, patient; NTC, no template control. The right panel shows the abnormal transcript with intron 1 retention and the normally spliced transcript of CCDC22. Gray box, exons; white box, intron 1. (d) Genes co-expressed with CCDC22 in the fetal brain, as identified by multi-node topological overlap measure. Two groups of functionally related genes are highlighted: in blue, genes involved in multiple skeletal abnormalities and in red, genes associated with cardiac abnormalities, the two main pathological changes characteristic of the syndromic XLID in the IGOLD #586 family.
Letters to the Editor non-recurrent sequence variant c.49A > G/p.T17A had been identified in a proband from the same family by the Sanger re-sequencing study, but its functional significance had not been determined. 5 The proband belongs to a large family (55 individuals) with six affected males over three generations (Figure 1a) . Notably, female carriers in this family show highly skewed X-chromosome inactivation (data not shown). Linkage analysis delineated a 58.4-Mb linkage interval (logarithm in base 10 of odds (LOD) score = 2.7). Whole X-chromosome exon re-sequencing identified four non-recurrent mis-sense variants within the linkage interval:
Although these sequence variants were predicted to be neutral for protein function (Polyphen, data not shown), we found that the CCDC22 change was associated with a fivefold decrease in mRNA level (Figure 1c, Supplementary Figure 1 and Supplementary Table 3 ). No other gene in the 58.4-Mb linkage interval showed significant downregulation of mRNA levels (Supplementary Figure 2a) . We sequenced CCDC22 in all available family members and found that the c.49A > G change segregates with the disease consistent with its location within the linkage interval.
The c.49A > G sequence variant is located within exon 1, two base pairs away from the 5 0 splice site of intron 1 of CCDC22 (Figure 1b) and is predicted to significantly decrease the splicing efficiency at the corresponding 5 0 splice site (splice site score decrease from 0.9 to 0.7, using NNsplice 9 ; http://www.fruitfly. org/seq_tools/splice.html). We found abnormally spliced transcripts retaining intron 1 to be much more abundant in cases harboring the c.49A > G mutation than in controls (Figure 1c , Supplementary Methods, Supplementary Figure 1) , demonstrating that the mutation impedes efficient alternative splicing at the 5 0 splice site. The abnormally spliced transcripts with intron 1 retention contain several in-frame premature terminal codons, which would likely cause the transcript to be degraded by nonsense-mediated mRNA decay surveillance (NMD). Alternatively, the splicing defect could have a negative impact on the transcription efficiency of CCDC22. [10] [11] [12] Inhibition of NMD by cyclohexamide did not significantly affect the total CCDC22 mRNA level or the abundance of the abnormally spliced isoform (Supplementary Figure 1) , indicating that NMD did not have a major role in CCDC22 mRNA downregulation. Recent studies have suggested that abnormal transcripts with retained intron(s), having failed the nuclear quality control mechanism, are not exported into the cytoplasm and thus are not degraded by NMD. [13] [14] [15] [16] [17] In addition, splicing events proximal to the transcription start sites have been shown to be important for efficient recruitment of basal transcription factors. [10] [11] [12] We thus suspect that the c.49A > G change near the first splice site removes the positive feedback necessary for efficient transcription of CCDC22. To test whether CCDC22 downregulation occurred frequently in the general population we analyzed CCDC22 expression level in 52 age-matched control males using genome-wide expression data from lymphoblast cell lines from an AGRE cohort (Methods). None of the controls showed significant downregulation of CCDC22 mRNA level (Supplementary Figure 2b) .
The phenotype of the IGOLD #586 family is consistent with syndromic XLID. In addition to intellectual disability, affected individuals have cardiac abnormalities (atrial septal defect, ventricular septal defect, dextrocardia), skeletal abnormalities (hypoplastic distal phalanges, syndactyly, hip subluxation, scoliosis) and specific facial features (Table 1) .
CCDC22 is a ubiquitously expressed coiled-coil domain protein (Supplementary Figure 3) . Although the function of CCDC22 is currently poorly defined, CCDC22 has been shown to interact in vitro with copines, a family of calcium-dependent membranebinding proteins, via its coiled-coil domain 18 as well as the Nance-Horan syndrome protein. 19 In the rat brain, CCDC22 is expressed in multiple regions including the prefrontal and somatosensory cortex, dentate gyrus and thalamus, 20 and CCDC22-specific antibodies stain primarily axons. 20, 21 In the rat spinal cord, CCDC22 is primarily expressed in the dorsal columns, as well as in ipsilateral motor neurons after sciatic nerve trans-section, 21 suggesting a role for this gene in neuronal injury response. To gain further insight into the function of CCDC22, we took a bioinformatics approach. To identify genes that are functionally related to, or potentially interact with CCDC22 in the developing human brain, we used a recently published human fetal brain transcriptome dataset 22 and queried which are the nearest neighbors Abbreviations: ASD, atrial septal defect; CNS, central nervous system; PDA, patent ductus arteriosus; VSD, ventricular septal defect. The pedigree of the IGOLD#586 family is shown in Figure 1 and comprises six affected males, one of which was an unviable male fetus and is not included in the phenotype description.
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23 Figure 1d shows the genes co-expressed with CCDC22 in the human fetal brain. Remarkably, this module contains genes that have been implicated in hereditary cardiac and skeletal disorders, the main classes of extra-central nervous system pathological changes observed in family IGOLD #586. The IGOLD #586 case was the only one in the X-chromosome re-sequencing cohort of 208 with a CCDC22 mutation, suggesting that mutations of CCDC22 are a rare cause of XLID. Here we highlight CCDC22 as a novel XLID candidate gene for future targeted re-sequencing studies and propose that the mRNA downregulation associated with the described mutation likely results from reduced transcriptional efficiency rather than nonsense-mediated mRNA decay.
Identifying false, but apparently plausible, explanations for the onset of psychiatric disorder Kendler et al. 1 showed that seemingly plausible explanations for psychiatric disorder may not be causal risk factors for psychiatric disorder. This is not the first time an apparently understandable cause of psychiatric disorder has been associated with a significantly elevated familial risk for the same disorder. 2, 3 Distinguishing causal risk factors from false, but apparently plausible, explanations for the onset of psychiatric disorders is important for advancing our understanding of the aetiology of psychiatric disorders and for the translation of research findings into welldesigned clinical trials or intervention studies.
Example 1: Individuals with a psychotic disorder judged by experienced clinicians to be likely to have an organic cause (due to accidental head trauma, infections, substance abuse) had a significantly higher familial risk for psychosis than individuals judged to have an idiopathic or 'primary' psychosis. 2 The elevated relative risk was only significant for schizophrenia, not for other forms of psychosis.
